The ring-shaped hexameric DnaB helicase unwinds duplex DNA at the replication fork of eubacteria. We have solved the crystal structure of the full-length Thermus aquaticus DnaB monomer, or possibly dimer, at 2.9 Å resolution. DnaB is a highly flexible two domain protein. The C-terminal domain exhibits a RecA-like core fold and contains all the conserved sequence motifs that are characteristic of the DnaB helicase family. The N-terminal domain contains an additional helical hairpin that makes it larger than previously appreciated. Several DnaB mutations that modulate its interaction with primase are found in this hairpin. The similarity in the fold of the DnaB N-terminal domain with that of the C-terminal helicase-binding domain (HBD) of the DnaG primase also includes this hairpin. Comparison of hexameric homology models of DnaB with the structure of the papillomavirus E1 helicase suggests the two helicases may function through different mechanisms despite their sharing a common ancestor.
INTRODUCTION
The DnaB helicase is the main replicative helicase of eubacteria (1) . The enzyme sits on the 5 0 single-stranded DNA (ssDNA) arm of the replication fork (1) and utilizes the hydrolysis of ATP to fuel the unwinding of doublestranded DNA (dsDNA). Its movement along the DNA proceeds in the 5 0 -3 0 direction (1) and at 258C it has an intrinsic rate of $ 291 bp per second (2) . At the replication fork, DnaB forms a critical interaction with the DnaGprimase that stimulates the activities of both the helicase and the primase (3).
Helicases assemble into a variety of oligomeric forms, ranging from monomers to heptamers and have been classified into several families based on analysis of their sequences (4) . All helicases share the Walker A and B motifs, whose most conserved residues are implicated in nucleotide binding and hydrolysis (4) . Specific helicase families are defined by the presence of additional specific motifs. Structural studies of helicases from many families have shown that all these proteins contain a core fold that was first visualized in the crystal structure of RecA (5) .
DnaB belongs to a small family of hexameric helicases whose members function in replication. In addition to DnaB, this family includes the replicative helicases of the T4 and T7 bacteriophages as well as the RepA helicase of plasmid RSF1010. All members of this family contain by definition five conserved motifs (H1, H1a, H2, H3 and H4) that are located in the C-terminal region of the protein (6) . Motifs H1 and H2 are equivalent to the Walker A and B motifs. The N-terminal region of these helicases is less well conserved. Indeed, in the T7 helicase a domain related to DnaG primase is fused to the N-terminal portion of the helicase.
Electron microscopy (EM) has revealed that DnaB family helicases form hexameric ring-shaped structures that exists in equilibrium among these different quaternary states (7, 8) , exhibiting either 6-fold rotational symmetry (C 6 ), 3-fold rotational symmetry (C 3 ) or an intermediate state between the two (C 3 C 6 ). While these EM reconstructions predict a movement of the C-terminal region of DnaB, the transition from the C 3 to the C 6 particle is believed to be principally determined by the N-terminal region (7, 8) . Fluorescence transfer experiments have suggested that DnaB is positioned at the replication fork with the 5 0 ssDNA arm inside the ring while the 3 0 ssDNA arm is occluded from the ring, hence providing a mechanism for duplex separation (9) .
Several crystal structures of the T7 gp4 helicase have been determined (10) (11) (12) . The presence of the same sequence motifs in the helicase domain of the T7 protein and the C-terminal region of DnaB would suggest that the structure of the DnaB C-terminal region resembles that of the T7 helicase domain. To date, the only structural information available for DnaB are the crystal (13) and NMR (14) structures of an N-terminal fragment. Here we present the 2.9 Å resolution crystal structure of the full-length DnaB helicase from the thermophile Thermus aquaticus (Taq DnaB) that shows a larger, complete N-terminal domain exhibiting four different orientations relative to the C-terminal domain.
MATERIALS AND METHODS

Protein expression and purification
The expression plasmid for Taq DnaB (15) was transformed into BL21(DE3) cells (Novagen). The transformed cells were grown in LB medium containing 200 mg/ml ampicillin at 378C. When the cells reached an A 600 of between 0.4 and 0.8, gene expression was induced by addition of isopropyl-b-D-thiogalactopyranoside (Sigma) to a final concentration of 1 mM. After 3 h, the cells were harvested by centrifugation and quickly flash frozen in liquid nitrogen.
The cell paste containing Taq DnaB was resuspended in Buffer B1 containing 20 mM Tris pH 8.0, 50 mM NaCl, 5 mM MgCl 2 and 10% (w/v) sucrose supplemented with complete EDTA-free protease inhibitors (Roche). The cells were lysed in a microfluidizer and then heated at 658C for 20 min. Following centrifugation, the protein was run over a Q-sepharose column (GE Healthcare) that had been equilibrated with buffer B1. Taq DnaB was eluted using a linear gradient from 50 mM to 1 M NaCl. The pooled fractions were then applied to a Hi-Trap Heparin HP column (GE Healthcare) and eluted in a linear gradient from 0.1 to 1.0 M NaCl. Finally, the protein was gel filtered over a 26/60 Superdex 200 prep grade column (GE Healthcare) that had been equilibrated in B2 buffer containing 10 mM Tris pH 8.0, 10 mM NaCl, 1 mM MgCl 2 and 25 mM Maltose. Taq DnaB factions were pooled and spin concentrated before being flash frozen in liquid nitrogen. The final protein was over 99% pure as judged by SDS-PAGE and coomasie blue staining. The Selenomethionine (SeMet) substituted Taq DnaB was expressed in B834(DE3) (Novagen) and purified using the same methods that had been used as the native protein with the exception that the reducing agent, dithiothreitol (Sigma), was added at all buffers.
Crystallization and data collection
Taq DnaB crystals were prepared using the sitting drop method of vapor diffusion, mixing equal volumes of protein sample and well solution. Well solutions contained 1.3 M ammonium sulfate, 10 mM magnesium sulfate, 5% 1,6-hexanediol and 100 mM MES pH 6.5. To provide cryo-protection, the crystals were transferred in 0.5 M increments into a solution of 3.0 M ammonium sulfate, 10 mM magnesium sulfate, 2.5% 1,6-hexanediol, 100 mM MES pH 6.5 and 10% ethylene glycol. Native diffraction data were collected at the National Synchrotron Light Source (NSLS) station X25. SeMet substituted crystals were used to collect multi-wavelength anomalous dispersion (MAD) data at the Argonne Photon Source (APS) station 19-ID. The HKL suite of programs was used for all data integration and scaling (16) . The crystals belong to space group P3 1 21 with unit cell dimensions a = 104.7 Å , b = 104.7 Å , c = 363.3 Å and have a diffraction limit of 2.9 Å resolution where its I/ drops to 1.3. Data collection statistics are shown in Table 1 .
Structure determination and refinement
The positions of 47 Se atoms were determined using the direct methods procedure as implemented in the program SnB (17) . After MAD phasing using the program SOLVE (18), the electron density was solvent flattened and each of the four N-terminal and C-terminal domains were 4-fold averaged with the program RESOLVE (19) . The maps were further improved by sharpening the data by applying a B factor of 50 to the experimental amplitudes. Cycles of model building in the programs O (20) and COOT (21) and refinement in REFMAC (22) and therefore are not included in any of the DnaB chains of the current model. Phasing and refinement statistics are given in Table 1 and a portion of a sigma-A weighted 2F o À F c electron density omit map can be seen in Figure 1A .
RESULTS
Overall structure
The full-length DnaB structure consists of two domains that are connected by a long flexible linker ( Figure 1A and B). The N-terminal domain or NTD (residues 1-150, Eco1-168; here and throughout the manuscript residue numbering in E. coli will have the prefix Eco) is an all a-helical structure containing a largely spherical bundle of helices terminated by an extended helical hairpin (Figures 1 and 2A ). The C-terminal domain or CTD (residues 186-444; Eco207-471) consists of a predominantly parallel b-sheet flanked by a-helices (Figures 1 and  3A ). The flexible linker of 34 residues (residues 151-185; Eco169-206) has an extended structure composed of a single a-helix flanked by two loops that connect the helix to the NTD and the CTD. DnaB does not form a closed hexameric ring quaternary structure in this crystal lattice as does the isolated molecule visualized by EM (7, 8) nor does DnaB form a 6-fold filament, as observed in the original crystal structure of the T7 gp4 helicase domain (10) . Instead, the four copies of DnaB observed in the crystal asymmetric unit appear to be arranged as individual monomers or dimers (see below). Size-exclusion chromatography of Taq DnaB indicates the protein is hexameric in the absence of nucleotide, even under high salt (1 M NaCl) conditions (Supplementary Figure S1 ). To determine whether the conditions used for crystallization perturbed the equilibrium between hexamer and monomer, we performed size-exclusion chromatography experiments under conditions mimicking, as closely as possible, those of crystallization. Thus, Taq DnaB was gel filtered in a buffer containing 50 mM MES pH 6.0, 5% 1,6-hexanediol, 10 mM magnesium sulfate and 200 mM ammonium sulfate (Supplementary Figure S1) . Using this approach, we were unable to assay higher ammonium sulfate concentrations as the helicase began to interact with the column matrix (data not shown). This gel filtration experiment clearly showed that, within the experimental detection limits, the helicase remains hexameric (Supplementary Figure S1) . We therefore assume that crystals of the monomeric or dimeric helicase are formed from the equilibrium with the hexamer, which may or may not favor the monomer at high ammonium sulfate concentrations.
Comparison of the positions of the NTD relative to the CTD in each of the four monomers reveals a highly flexible monomer structure. Alignment of the four DnaB molecules found in the asymmetric unit by superposition of their CTDs reveals that each of the linkers takes a different trajectory from the CTD and in turn each NTD adopts a different orientation with respect to the linker ( Figure 1 ). The flexible joints generated by the two linker region loops result in almost unrestrained positioning of the two domains with respect to one another. The organization of the NTD, linker region and CTD are highly reminiscent of the helicase domain, linker region and primase domain of the gp4 helicase-primase subunit structure (12) . This flexibility is consistent with previous hydrodynamic studies that predict an extended structure for the Escherichia coli DnaB monomer (23) .
The NTD of DnaB
Identification of the boundaries of the two DnaB domains has previously been based on its digestion with trypsin (24) , which cuts the protein into an N-terminal 12 kDa fragment (P12) and a C-terminal 33 kDa fragment (P33). Superposition of the coordinates of the Taq DnaB NTD onto those of the E. coli P12 fragment reveals that the structures are highly similar with a root mean squared deviation (rmsd) between them of 1.2 Å over 97 Ca atoms. However, comparison of the two structures reveals that the NTD of intact DnaB is 40 residues larger than the P12 fragment. These additional residues of the DnaB NTD extend the C-terminal helix of P12, which then interacts with a further C-terminal helix to form a helical hairpin subdomain ( Figure 2A ). This helical hairpin includes residues that have been shown by mutagenesis experiments to modulate the interaction of the helicase with the DnaG-primase (25) . Previously these residues had been ascribed to be part of the linker region. The four copies of the DnaB NTD in the asymmetric unit appear to form two independent dimers. Each dimer interface is formed by the helical hairpin subdomains that pack together to produce a four helix bundle ( Figure 2D ). Short chain hydrophobic residues dominate the interface that buries 1250 Å 2 of surface area per monomer. The two dimers are highly similar as their superposition results in an rmsd of 1.5 Å over 302 Ca atoms. A recent NMR structure determination of an E. coli DnaB fragment protein that included residues C-terminal to 171 (150 in Taq), which we now know corresponds very well to the NTD of the intact protein, revealed that the C-terminus of the isolated NTD does not form a helical hairpin as is observed in the full-length structure (26) . Instead this region was found to be unstructured. Although this could be due to inherent differences between the two species, this seems unlikely as secondary structure predictions indicate that this region within the E. coli protein should also be helical and form a hairpin (26) . More likely, the hairpin may be stabilized in the context of the hexamer assembly, possibly in the C3 symmetric particles by the formation of the NTD dimer observed here ( Figure 2D ).
Recent structures of the C-terminal helicase-binding domain (HBD) of the DnaG-primase have revealed that the fold of this domain is related to that of the P12 fragment of DnaB (26) (27) (28) . Comparison of the structure of the NTD in the intact DnaB with that of the NMR structure of the E. coli HBD (26) shows that this similarity extends to the additional helical hairpin (Figure 2) . Thus, the C-terminal HBD of DnaG primase and the NTD of DnaB helicase have related folds.
The CTD of DnaB
The five motifs that define the dnaB family are all located within its CTD. Four of the motifs (H1, H1a, H2 and H3) form the core b-sheet and provide the residues that line the nucleotide-binding pocket ( Figure 3A) . The fifth motif (H4) forms a helix, the N-terminus of a core b-strand as well as their connecting loop ( Figure 3A ) and has been proposed to contain residues that are involved in DNA binding (11) . As expected the structure of the CTD of DnaB closely resembles that of the helicase domain of T7 gp4 (rmsd of 1.5 Å over 172 Ca atoms) and that of the RecA core (rmsd of 1.9 Å over 151 Ca atoms) (Supplementary Figure S2) . Structural similarity is also observed between DnaB, a 5 0 -3 0 helicase and the papillomavirus 3 0 -5 0 E1 helicase. The CTDs of these two helicases superimpose with an rmsd of 3.0 Å over 102 Ca atoms.
The proposal that the CTD of DnaB contains a leucine zipper dimerization motif is not supported by the crystal structure. Analysis of sequence of residues 361-390 in E. coli (338-368 in Taq), that lie upstream of a region rich in basic residues (Eco324-329, residues 299-304 in Taq), suggested that it forms a leucine zipper reminiscent of the eukaryotic transcription factors, such as cFOS and cJUN (29) . This sequence overlaps with the H3 motif sequence in the DnaB family. The basic region is highly conserved across DnaB proteins, although it is not found in the T7 gp4 helicase. Site-directed mutagenesis of the conserved basic residues of this region results in significant attenuation of DNA binding, ATPase activity and consequently the helicase activity of DnaB (29) . Inspection of the CTD fold reveals that the basic sequence RARARR (in Taq) is located on a helix that lies on the opposite face of the b-sheet from the nucleotide-binding pocket ( Figure 3A) . However, the residues implicated in forming a leucine zipper, which is an all a-helical structure, in fact form a helix-loop-strand motif in the core of the RecA fold of the CTD ( Figure 3A) .
Despite attempts to prepare a crystalline complex of DnaB with its nucleotide substrate, either by soaking crystals or co-crystallizing in solutions containing ATP, ADP or non-hydrolyzable analogs of ATP, no binding of nucleotide was observed. We presume that nucleotide binding was inhibited by the high concentration of sulfate ions (at least 1.0 M) in the crystallization buffers. Indeed, a sulfate ion is bound to the Walker A motif of each monomer in the crystal, presumably mimicking a phosphate of ATP ( Figure 3A) . Although the structure of a nucleotide complex has not been achieved as yet, the similarity between the structure of the CTD of DnaB and that of the T7 gp4 helicase domain allows us to use the structure of the nucleotide complex of T7 gp4 helicase ( Figure 3B ) to homology model the ATP onto the DnaB structure ( Figure 3C) . The resulting homology model is in excellent agreement with that of the T7 gp4 structure. Coordination of the modeled magnesium ion is provided by the side chains of residues T214 (Eco T238) and D317 (Eco D343). Residues R397 (Eco R420) and F430 (Eco F452) are ideally positioned to stack on the adenine ring of the modeled nucleotide and the g-phosphate is in contact distance with residues K213 (Eco K237) and Q361 (Eco Q384).
The T7 gp4 helicase ring is stabilized through interactions between its linker helix in one subunit and a small a-helical pocket, found on the periphery of the RecA core, in the adjacent subunit (11, 12) . Although it varies slightly in secondary structure (Supplementary Figure S3) , DnaB also contains this hexamerization pocket (residues 240-283, Eco264-308). Within the lattice of the monomer crystal each linker helix is bound in the hexamerization pocket of an adjacent CTD but in such a way that does not form a closed hexameric ring. However, comparison of DnaB with the T7 gp4 ring structures (11, 12) suggest that the linker region helix interface observed here will be similar in a closed hexameric assembly of DnaB (Supplementary Figure S3) .
Possible hexamer assemblies
A homology model of the hexameric arrangement of the DnaB CTD can be built by superimposing its CTD onto the hexameric ring structure of the T7 gp4 helicase (Figure 4 ). The resulting model is free of any main chain steric clashes and the dimensions and shape are consistent with the EM reconstructions of DnaB from E. coli and the bacteriophage SPP1 (7, 8) . Structural and mutagenesis experiments with the T7 gp4 helicase have suggested residues within motif H4 and loops I, II and III are likely candidates for DNA binding (11) . The homology model of the DnaB CTD likewise positions the equivalent elements in DnaB at the center of the modeled ring, and this arrangement is consistent with fluorescence energy transfer experiments done using E. coli DnaB (9). The highly basic region, whose mutagenesis has been shown to helicase activity (29) , is found on the N-terminal surface of the modeled hexamer. At the replication fork, the duplex DNA would be located at the C-terminal surface of the helicase ring and the ssDNA would emanate from the N-terminal surface (30) . The N-terminal surface would also be the location of the NTD in the intact protein.
In order to model the locations of the NTDs within a hexamer, we attempted to manually fit the Taq DnaB NTD coordinates into the published EM reconstructions. The reconstructions used where of the C 3 and C 6 symmetrized particles from E. coli DnaB (7) and the C 3 , C 6 , C 3 C 6 symmetrized particles from bacteriophage SPP1 G40P DnaB homolog (8) . However, no satisfactory placement of the NTD or the observed NTD dimer into any these reconstructions could be found. In each case, the NTD could not be fit within the EM volume without severe steric clashes. Difficulties in fitting the NTD into the low resolution EM reconstructions could arise from several sources. The NTD subdomains could adopt a different conformation with respect to one another in the context of a hexameric assembly than observed. Alternatively, the EM reconstructions could be distorted, either by the inherent difficulties in generating reconstructions of highly polymorphic molecules (such as DnaB) or from negative staining techniques which are known to cause compression of the specimen (7, 8) .
DISCUSSION
The crystal structure of the full-length helicase reveals that DnaB is a highly flexible two domain molecule in the absence of the restraints imposed by the formation of the hexameric quaternary structure. We observe a potential dimer interface within the crystal lattice that is mediated by the helicase NTDs. Although dimers of E. coli DnaB have not been reported previously, both monomers and trimers have been detected by analytic ultracentrifugation in the absence of magnesium (23) . Models have also been proposed that implicate the dimerization of the NTD in the transition of the DnaB ring from 6-fold to 3-fold symmetry (13, 14) . However, more recent EM reconstructions have discounted dimerization of the NTD within the 3-fold symmetric ring (7, 8) . Therefore the significance, if any, of the dimer interface observed here awaits further study.
The optimal activity of DnaB during replication is achieved through its interaction with the DnaG-primase. Mutagenesis studies suggest that the interaction interface between the two proteins is extensive and involves residues from the NTD and the CTD as well as their flexible linker (3, 25) . However, the structure of the intact protein reveals that the residues that had previously been assigned to the linker region form the C-terminal helical hairpin of the NTD. Several of the DnaB mutations that affect its interaction with primase lie in this hairpin structure (25) and to our knowledge none of the mutations studied previously lie within the reassigned linker region of the intact protein. Hence, the structure of DnaB in conjunction with the mutagenesis studies suggest that the primase interaction interface of the helicase is formed largely by the redefined NTD.
The structure of the NTD of DnaB has a fold that is highly similar to the fold of the DnaG-primase C-terminal HBD. The HBD has been shown to be the only domain of the DnaG-primase that is required for interaction with and stimulation of the helicase (3) and the NTD of DnaB forms at least a large part of the primase interaction surface. In light of this, it is tempting to speculate that the DnaB NTD and the DnaG HBD could utilize their respective hairpins to interact in a manner similar to that of the NTD dimer observed in the crystal. However, this would require the energetically unfavorable burying of several charged residues from the HBD hairpin with hydrophobic residues from the DnaB NTD hairpin. Therefore, it seems highly unlikely that HBD will interact with DnaB in this manner. Interrogation of the protein structure database reveals that no other known protein structure shares the fold observed in the DnaB NTD and DnaG HBD. These results have lead to the suggestion that the last common ancestor of the DnaB family helicase was a bi-functional helicase-primase molecule. In this scenario the N-terminal domain of primase and C-terminal domain of helicase where separated by a linker, whose fold was related to that of the modern day NTD of DnaB. Duplication of the linker region followed by gene separation has presumably resulted in the current helicase and primase (31) .
Very little is understood about the mechanism by which DnaB unwinds duplex DNA. Homology modeling of the DnaB CTD onto the structure of the T7 gp4 hexamer suggests that DnaB could in principle utilize the 'binding change' model of sequential nucleotide hydrolysis put forward on the basis of the T7 gp4 hexamer structure (11) . However, several differences exist between the DnaB and the T7 gp4 helicases that may imply differences in their respective mechanisms. DnaB contains an NTD that is not present in the T7 gp4 helicase and the helical bundle moiety of this domain has recently been shown to modulate the polarity of the DnaB helicase. DnaB truncation mutants that lack this helical bundle have been shown to poses 3 0 -5 0 helicase activity (32) . Kinetic studies also suggest that DnaB has three high affinity binding sites for ATP (33) , which is consistent with the 3-fold symmetry observed by EM (8, 9) . However, the model based on the T7 helicase crystal structure predicts four ATP-binding sites and 3-fold symmetric molecules of the T7 helicase have not been detected by EM.
The DnaB helicase and the papillomavirus E1 helicase share several common features; both are ring-shaped hexameric helicases that unwind genomic DNA at replication forks and both are formed by an all a-helical NTD (although the structures of the two NTD folds are unrelated) and a CTD that contains a core RecA-like fold (34) . However, these proteins have distinct biochemical properties as DnaB unwinds DNA in the 5 0 -3 0 direction where as the E1 helicase unwinds DNA in the 3 0 -5 0 direction (34) and furthermore, these two proteins are structurally distinct. Comparisons of their respective RecA-like folds shows that although the Walker A and Walker B motifs (motifs H1 and H2 in the DnaB family) are similarly positioned, the DNA-binding elements are located in different regions of the fold, shown schematically in Figure 5A . But, in the quaternary structures, the DNA-binding elements are still found at the center of the ring of each helicase. This is possible because both helicases form hexamers in distinct manners; the plane of the core b-sheet of the E1 helicase are found approximately parallel to the ring axis whereas in DnaB-family helicases, the plane of the core b-sheet is approximately perpendicular to the ring axis ( Figure 5B) . A mechanism for ssDNA translocation by the E1 helicase has been proposed based on the crystal structure of the E1 helicase bound to ssDNA (34) . In this structure, the DNA-binding loops from each subunit of the hexamer form a spiral, with each loop bound to one nucleotide of the ssDNA. The mechanism by which the helicase translocates along the DNA has been proposed to involve each DNAbinding loop carrying a nucleotide of ssDNA across the ring in response to ATP binding and hydrolysis (34) . A similar spiral method of translocation is attractive for DnaB, and indeed the T7 gp4 helicase structure also displays a spiral conformation of its subunits, suggesting this spiraling mechanism may be common to all hexameric helicases. However, our analysis of the structure of the E1 hexamer and that of DnaB implies that the way in which DnaB and the E1 helicase utilize ATP binding and hydrolysis to move the DNA-binding elements are very likely to differ. The high degree of structural similarity observed between DnaB and RecA supports the previous hypothesis that DnaB originated from a gene duplication of a RecA-like ancestor (35) . Sequence analysis and the structural comparisons of DnaB and the E1 helicase suggest this event occurred after the divergence of eubacteria from archaea and eukaryotes. The replicative DnaB helicase of bacteria and the replicative helicases of eukaryotes e.g. the E1 helicase and related MCM proteins (34) , are clearly distinct and thus appear to have evolved separately from a RecA-like ancestor, which was most likely not a helicase.
